Protein aggregates are a common pathological feature of neurodegenerative diseases and several lysosomal diseases, but it is currently unclear what aggregates represent for pathogenesis. Here we report the accumulation of intraneuronal aggregates containing the macroautophagy adapter proteins p62 and NBR1 in the neurodegenerative lysosomal disease late-infantile neuronal ceroid lipofuscinosis (CLN2 disease). CLN2 disease is caused by a deficiency in the lysosomal enzyme tripeptidyl peptidase I, which results in aberrant lysosomal storage of catabolites, including the subunit c of mitochondrial ATP synthase (SCMAS). In an effort to define the role of aggregates in CLN2, we evaluated p62 and NBR1 accumulation in the CNS of Cln2 Ϫ/Ϫ mice. Although increases in p62 and NBR1 often suggest compromised degradative mechanisms, we found normal ubiquitin-proteasome system function and only modest inefficiency in macroautophagy late in disease. Importantly, we identified that SCMAS colocalizes with p62 in extra-lysosomal aggregates in Cln2 Ϫ/Ϫ neurons in vivo. This finding is consistent with SCMAS being released from lysosomes, an event known as lysosomal membrane permeability (LMP). We predicted that LMP and storage release from lysosomes results in the sequestration of this material as cytosolic aggregates by p62 and NBR1. Notably, LMP induction in primary neuronal cultures generates p62-positive aggregates and promotes p62 localization to lysosomal membranes, supporting our in vivo findings. We conclude that LMP is a previously unrecognized pathogenic event in CLN2 disease that stimulates cytosolic aggregate formation. Furthermore, we offer a novel role for p62 in response to LMP that may be relevant for other diseases exhibiting p62 accumulation.
Introduction
Classic late-infantile neuronal ceroid lipofuscinosis (CLN2 disease) is an autosomal recessive neurodegenerative lysosomal disease that presents in children between 2 and 4 years of age with psychomotor retardation, intractable seizures, vision loss, and ultimately premature death. CLN2 disease is caused by mutations in the TPP1 gene, which encodes the lysosomal enzyme tripeptidyl peptidase I (TPP1) (Sleat et al., 1997) . TPP1 deficiency leads to lysosomal accumulation of storage material, of which the subunit c of mitochondrial ATP synthase (SCMAS) is the primary component (Palmer et al., 1992; Ezaki et al., 1999) . Although lysosomal storage pathology is present in all tissues, the CNS is most severely affected, with neurodegeneration occurring throughout the brain. Importantly, it remains unclear how TPP1 deficiency affects neuronal viability, thus underscoring the need to define pathogenesis for this untreatable disease.
The formation and degradation of protein aggregates is a physiological process that cells use to manage protein quality control (Lamark and Johansen, 2012) . In many neurodegenerative states, the formation of aggregates per se is not considered deleterious, as chaperones and adapters function to isolate misfolded proteins and toxic intermediates within neurons (Johnston et al., 1998; Ross and Poirier, 2004; Bjørkøy et al., 2005) . However, the persistent presence of aggregates is an indelible marker of compromise of the ubiquitin-proteasome system (UPS) and/or autophagy-lysosomal pathway. It is the dysfunction of these critical mechanisms-through their broader role in protein, organelle, and metabolic homeostasis-that neuronal viability is presumably affected (Hara et al., 2006; Komatsu et al., 2006; Pandey et al., 2007) .
Because of the oligomerized nature of aggregates, macroautophagy is the primary mechanism for degrading these structures. Macroautophagy involves the engulfment of cytoplasmic material within double-membrane vesicles called autophagosomes that subsequently fuse with lysosomes for degradation (Mizushima et al., 2002) . Two key adapter proteins involved in selective macroautophagy are p62 (p62/SQSTM1) and NBR1 (neighbor of BRCA1 gene 1). p62 and NBR1 function by binding ubiquitinated substrates, promoting aggregation of this cargo, and targeting this material within forming autophagosomes via an interaction with the autophagosomal membrane protein LC3-II (Bjørkøy et al., 2005; Pankiv et al., 2007; ). Thus, p62 and NBR1 are integral for aggregate formation and processing, and the accumulation of both proteins has been widely associated with compromised macroautophagy (Lamark and Johansen, 2012) . Indeed, studies in several lysosomal diseases to date have used p62 accumulation as an indirect marker of macroautophagy impairment .
Here we report a previously unrecognized pathogenic mechanism whereby lysosomal membrane permeability (LMP) stimulates cytosolic aggregate formation in CLN2 disease. Unexpectedly, we found that the storage protein SCMAS colocalizes with p62 in cytosolic aggregates throughout the CNS of Cln2 Ϫ/Ϫ mice. We determined that the release of SCMAS storage from lysosomes results in the sequestration of this material as aggregates by p62 and NBR1. Our studies identify that aggregate formation can be stimulated by LMP independent of macroautophagy and UPS dysfunction. Furthermore, we describe a novel role for p62 in response to LMP that may be relevant in other diseases associated with p62 accumulation.
Materials and Methods
Mice and tissue collection. All procedures using animals were approved by the Institutional Animal Care and Use Committee of the Albert Einstein College of Medicine. The murine model of CLN2 disease, the TPP1-deficient (Cln2 Ϫ/Ϫ ) mouse, has been well established to accurately represent human disease (Sleat et al., 2004) . Cln2 Ϫ/Ϫ mice along with wild-type (WT) littermate controls of either sex were used in all experiments and genotyped as described previously (Sleat et al., 2004) . Tissue was processed as described previously for immunohistochemistry (Micsenyi et al., 2009) . Briefly, mice were deeply anesthetized with ketaminexylazine and perfused transcardially with saline after which tissue for biochemical analyses was excised and frozen. For immunohistochemistry and electron microscopy (EM), mice were further perfused with 4% paraformaldehyde (PFA), and tissue was immersion fixed overnight in 4% PFA.
Antibodies. Anti-LC3 antibodies used were a rabbit polyclonal antibody (pAb) (Novus Biologicals) and a mouse monoclonal antibody (mAb) (Nanotools). Anti-p62 antibodies used were a rabbit pAb (Enzo Life Sciences) and a guinea pig pAb (American Research Products). Anti-NBR1 antibody was a mouse mAb (Novus Biologicals). Anti-LAMP2 rat mAb developed by J. T. August was purchased from the Developmental Studies Hybridoma Bank developed under the auspices of the National Institute of Child Health and Human Development and maintained by the University of Iowa, Department of Biological Sciences (Iowa City, IA). The anti-SCMAS rabbit pAb was a generous gift from E. F. Neufeld (University of California, Los Angeles, Los Angeles, CA). The antiubiquitin antibodies used were a rabbit pAb (Dako) and an antipolyubiquitinated mouse mAb (Enzo Life Sciences). The cathepsin D rabbit pAb was a generous gift from R. A. Nixon (Nathan Kline Institute, Orangeburg, NY). The anti-calbindin D-28K antibody used was a rabbit pAb (Millipore). Anti-␤-actin antibody was a mouse mAb (SigmaAldrich). The anti-Beclin-1, anti-mTOR, and anti-phospho-mTOR (Ser2448) antibodies were rabbit pAbs (Cell Signaling Technology). The anti-Tom20 antibody was a rabbit pAb (Santa Cruz Biotechnology). The anti-MAP2 antibodies were a rabbit pAb (Millipore) and a mouse mAb (Sigma-Aldrich). Secondary antibodies used for immunohistochemistry and immunocytochemistry were biotinylated goat anti-rabbit IgG, biotinylated goat anti-mouse IgG, and biotinylated goat anti-guinea pig IgG (Vector Laboratories). Secondary antibodies used for immunofluorescence were Alexa Fluor 350 goat anti-rabbit IgG, Alexa Fluor 488 goat anti-guinea pig IgG, Alexa Fluor 546 goat anti-rabbit IgG (Invitrogen), Alexa Fluor 647 donkey anti-rabbit IgG minimal cross-reactivity, Alexa Fluor 647 donkey anti-rat IgG minimal cross-reactivity, 7-amino-4-methylcoumarin-3-acetic acid goat anti-mouse IgG minimal crossreactivity, Cy3 donkey anti-rat IgG minimal cross-reactivity, and Cy3 donkey anti-mouse IgG minimal cross-reactivity (Accurate Chemicals). For immunogold EM, secondary gold-conjugated antibodies used were goat anti-guinea pig IgG and goat-anti-rabbit IgG (Electron Microscopy Sciences).
Immunohistochemistry and immunocytochemistry. Fixed brain sections were cut using a Leica VT-1000S vibratome or fixed tissue was paraffin embedded and mounted on gel-coated slides. For immunoperoxidase staining, sections were blocked in 1% bovine serum albumin (BSA), 1.5% normal goat serum (NGS), and 0.02% saponin in PBS. Primary antibodies were diluted in 1% BSA, 1% NGS, and 0.02% saponin in PBS and incubated overnight at 4°C. Biotinylated secondary antibodies were similarly diluted and applied, followed by incubation with Vectastain avidin and biotinylated horseradish peroxidase macromolecular complex (ABC) kit (Vector Laboratories). Tissue was then stained with DAB Substrate Kit for Peroxidase (Vector Laboratories). Sections were visualized and photographed using an Olympus AX70 upright epifluorescence microscope equipped with MagnaFire CCD camera (Optronics). For immunofluorescence labeling of tissue, sections were blocked using 1% BSA, 5% NGS, 5% normal donkey serum (NDS), and 0.02% saponin in PBS. Primary antibodies were diluted in1% BSA, 2.5% NGS, 2.5% NDS, and 0.02% saponin in PBS and incubated overnight at 4°C. Secondary fluorescent antibodies were similarly diluted and applied to tissue. Sections were mounted with Prolong Antifade reagent with or without DAPI (Invitrogen). For immunocytochemistry, coverslips were fixed in 95% EtOH/5% acetic acid at Ϫ20°C for 10 min. Coverslips were blocked with 5% NGS and 5% NDS in PBS. Primary antibodies were diluted in blocking solution and incubated overnight at 4°C. Secondary fluorescent antibodies were diluted in 1% NGS and 1% NDS in PBS. Coverslips were mounted with Prolong Antifade reagent with or without DAPI. For controls of multi-labeling immunofluorescence assays, WT and Cln2 Ϫ/Ϫ tissue and coverslips were labeled with individual primary and all secondary antibodies for each experiment to ensure no secondary antibody cross-reactivity.
Confocal fluorescence microscopy. Confocal imaging was performed using a Carl Zeiss Meta Duo V2 confocal laser scanning microscope. Imaging laser settings were adjusted using control specimens to ensure autofluorescence and background signal were below immunofluorescence signal for each channel in individual experiments. Single z-plane 8-bit immunofluorescence images were acquired (unless otherwise noted) with a 63ϫ oil-immersion objective [numerical aperture (NA) 1.4] or 20ϫ dry objective (NA 0.40) using all or a combination of 351, 488, 543, and 633 nm laser lines consecutively, with emission bandwidth filters of 435-485, 505-550, 554 -629 nm, and 640 -704 nm, respectively. Sampling resolution was optimized for the objectives used, and images were constructed from the average of two unidirectional scans. Images were prepared using MetaMorph software (MDS Analytical Technologies) to separate LSM files into single-channel acquisitions and then combine channels for colored merged images. Adobe Photoshop (Adobe Systems) was used to generate figures.
Western blot analyses. Frozen tissue used for Western blots was processed as described previously (Davidson et al., 2009) . Tissue was homogenized in ice-cold lysis buffer [50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1% Igepal CA-630, 1% sodium deoxycholate, 0.1% SDS supplemented with Complete, Mini Protease Inhibitor Cocktail (Roche)] and centrifuged. The supernatants were then collected as soluble protein fractions, and pellets were washed with lysis buffer, further extracted with 2% SDS in lysis buffer, and sonicated to collect insoluble protein fractions. Protein concentrations were determined using the BCA protein assay kit (Thermo Fisher Scientific). Samples were analyzed by SDS-PAGE under denaturing conditions and transferred to immunoblot PVDF or nitrocellulose membranes (Bio-Rad). Membranes were blocked using 5% nonfat dry milk in 1ϫ TBS with 0.1% Tween 20. Primary antibody incubations were performed overnight at 4°C, and subsequent horseradish peroxidase-conjugated secondary antibodies were applied. Protein detection was performed using SuperSignal West Pico Chemiluminescent Substrate (Thermo Fisher Scientific), and blots were exposed to film or developed using a KODAK 2000R imaging station. Protein quantification for each sample was performed by densitometric analysis of film using NIH ImageJ software (http://imagej.nih.gov/ij/, 1997-2012), or blots were analyzed using KODAK 2000R imaging software. ␤-Actin was used as an external loading control for all Western blot analyses. For statistical analysis, all samples were normalized to the WT littermate controls in each experiment, and quantification was represented as the mean Ϯ SEM. There were at least four biological replicates in each experiment, and statistical significance was determined by two-tailed un-paired Student's t tests analyzed by GraphPad Prism software InStat version 5.04 for Windows.
Quantitative real-time PCR. Cortical tissue specimens were harvested from 13-week-old Cln2 Ϫ/Ϫ mice (n ϭ 4) and corresponding WT littermates (n ϭ 4). RNA was isolated from 30 mg of fresh cortical tissue using RNeasy Plus Mini Kit and RNase-Free DNase set per the instructions of the manufacturer (Qiagen). RNA samples were immediately processed and quantified using the Qubit RNA Broad-Range Assay Kit and Qubit 2.0 Fluorometer (Invitrogen), after which sample concentrations were normalized and reverse transcription of RNA samples was performed to generate single-stranded cDNA using the High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems). RT-PCR cycles were as follows: 10 min at 25°C, 120 min at 37°C, and 5 min at 85°C as per the instructions of the manufacturer using a GeneAmp PCR System 9700 (PerkinElmer Applied Biosystems). cDNA was quantified using the Qubit singlestranded cDNA Assay Kit and Qubit Fluorometer (Invitrogen), and samples were normalized. Probes from the TaqMan probe-based gene expression assay were used for singleplex quantitative real-time PCR (qPCR). Assay probes to the target gene Sqstm1 (RefSeq accession number NM_011018.2, 116 bp amplicon length) and the reference gene Gapdh (RefSeq accession number NM_008084.2, 107 bp amplicon length) were used (Applied Biosystems). Each biological replicate was run in quadruplicate for both target and reference gene. qPCR was performed on an ABI Prism 7000 Detection System (Applied Biosystems). qPCR cycles were as follows: 10 min at 95°C, and then 40 cycles of 15 s at 95°C and 1 min at 60°C. The relative quantity (RQ) of Sqstm1 mRNA in Cln2 Ϫ/Ϫ cortical tissue compared with WT was expressed as fold change (RQ Ϯ 95% confidence interval). As additional proof of statistical significance, the p value was determined by the pairwise fixed reallocation randomization test using REST (Relative Expression Software Tool; http://rest.gene-quantification.info/) (Livak and Schmittgen, 2001, Pfaffl et al., 2002) .
UPS assay. Chymotryptic activity of the UPS in cerebral and cerebellar tissue was analyzed using modified protocols described previously (Kisselev and Goldberg, 2005, Berezniuk et al., 2010) . Tissue from 6-and 13-week-old WT and Cln2 Ϫ/Ϫ mice (four animals per age and genotype) were compared. Mice were deeply anesthetized with ketamine-xylazine and perfused transcardially with ice-cold 0.9% saline. Half of the cerebrum and cerebellum were immediately excised and mechanically homogenized in extraction buffer (in mM: 50 Tris, pH 7.5, 40 KCl, 5 MgCl 2 , 0.5 ATP, and 1 DTT). Homogenates were then centrifuged and separated as soluble protein and insoluble pellet fractions. Additional extraction buffer was added to the pellets, and they were resuspended by mechanical trituration. Experiments were conducted using two technical replicates for each condition. Parallel samples were then incubated in the presence or absence of the irreversible UPS inhibitor 20 M epoxomicin (EMD Chemicals) for 30 min at 37°C. Next, the fluorogenic UPS substrate 100 M N-succinyl- -methylcoumarin (Suc-LLVY-AMC) (Sigma-Aldrich) was added to each sample, followed by an additional incubation for 30 min at 37°C. After incubation time, ice-cold extraction buffer was added to stop the reaction, and chymotryptic activity was measured by detecting the fluorescence of free AMC released through the hydrolysis of the fluorogenic substrate (380 nm excitation, 460 nm emission) with a PerkinElmer Life and Analytical Sciences LS-3B spectrofluorometer. The average fluorescence units (FU) from inhibitortreated samples were subtracted from the average FU from noninhibitor-treated samples. This average activity value was multiplied by the amount of substrate added to each sample (20 nmol)/maximum FU after total cleavage of this amount of substrate (53.21 FU). Activity was expressed as nanomoles AMC per minutes per milligrams of total protein. Protein concentration was determined using the Bradford protein assay (Bio-Rad).
EM. Preembedding immunogold silver-enhanced labeling was performed using an adapted protocol described previously (Yi et al., 2001) . EM was performed using a Philips CM10 electron microscope. For immunogold EM, 4% PFA-fixed cerebral tissue was sectioned and incubated in 50 mM glycine/PBS for 30 min and then washed with PBS. Tissue was next incubated and blocked with 0.02% saponin in Aurion Blocking Solution and then washed with PBS-0.2% BSA-c (Electron Microscopy Sciences). Primary anti-p62 antibody was diluted in PBS-0.2% BSA-c and incubated overnight at 4°C, followed by extensive washing with PBS-0.2% BSA-c. Tissue was next incubated overnight at 4°C with secondary ultra-small gold-conjugated antibody diluted in PBS-0.2% BSA-c. Sections were then washed extensively with PBS-0.2% BSA-c, washed with phosphate buffer (PB), and finally washed with Enhancement Conditioning Solution (ECS). Tissue was then incubated with R-Gent SE-EM silver enhancement reagent (Electron Microscopy Sciences). The silver enhancement reaction was terminated with 30 mM sodium thiosulfate in ECS for 10 min, followed by washes with ECS and PB, and then postfixed with 2.5% glutaraldehyde in PB for 2 h. Sections were then transferred to 0.5% osmium tetroxide in 0.1 M cacodylate buffer for 30 min, followed by extensive washing with PB. Next, sections were cut into blocks along the cortex, and tissue was serial dehydrated in alcohol and plastic embedded in Epon. An ultramicrotome was used to cut ultrathin sections that were then stained with uranyl acetate and lead citrate.
Primary neuronal cultures. Primary cortical neuronal cultures from Cln2
Ϫ/Ϫ and WT littermate embryos were generated based on methods reported previously (Dobrenis et al., 1992 (Dobrenis et al., , 2005 . All experiments were performed on mature cultures [at least 21 d in vitro (DIV)]. Briefly, Cln2 heterozygous mice were mated, daily plug checks established day 0 of gestation, and females were killed at gestation day 15 to collect embryos. Brains from embryos were excised and hibernated in medium containing Leibovitz's L-15 medium, CO 2 -independent medium, and B-27 supplement (Invitrogen), and tissue for genotyping was collected. Next, brains were matched and pooled based on genotype results and litter, and the neocortex of each was further dissected out. Tissue was then mechanically dissociated in the presence of trypsin (Sigma-Aldrich), and cells were plated on poly-D-lysine (Sigma-Aldrich)-coated dishes and coverslips for biochemical and immunocytochemical experiments.
Macroautophagy flux and LMP experiments. Macroautophagy flux experiments were performed using mature purified primary neuronal cultures and well-established methods (Mizushima and Yoshimori, 2007) . LMP experiments and the p62 flux assay were performed using mature mixed primary cortical cultures. Purified primary cortical neurons were generated by treatment of cultures with mitotic inhibitors, 20 g/ml 5-fluoro-2Ј-deoxyuridine plus 50 g/ml uridine (Sigma-Aldrich), at 3 DIV and cultured for the remainder in the absence of FBS. Cultures were maintained until maturity at 21 DIV. Optimized saturating treatments of NH 4 Cl and leupeptin were determined to block macroautophagy flux without affecting neuronal viability. Cultures were treated for 4 h with 10 mM NH 4 Cl plus the lysosomal protease inhibitor 50 M leupeptin to inhibit lysosomal degradation and flux. For LMP induction, mixed primary cortical cultures were grown and maintained until maturity and treated with 2 mM L-leucyl-L-leucine methyl ester (LeuLeuOMe) (SigmaAldrich) for 24 h. For the p62 flux assay, mature mixed primary cortical cultures were treated with 2 mM LeuLeuOMe for 20 h, at which point cultures were subsequently treated with vehicle, 10 mM NH 4 Cl plus 50 M leupeptin, or 5 M lactacystin for an additional 4 h. Cells for biochemical studies were harvested in ice-cold lysis buffer [50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1% Igepal CA-630, 1% sodium deoxycholate, 0.1% SDS supplemented with Complete, Mini Protease Inhibitor Cocktail (Roche)] and centrifuged. Soluble lysates were separated from insoluble pellet fractions and then analyzed by SDS-PAGE and Western blot, and coverslips were fixed and processed for immunocytochemistry. Quantification of neurons containing p62 aggregates in primary neuronal cultures treated with vehicle or 2 mM LeuLeuOMe for 24 h were evaluated in a blinded analysis by immunofluorescence microscopy. Cultures were immunolabeled for p62 and MAP2. Using an Olympus AX70 upright epifluorescence microscope and 60ϫ oil-immersion objective (NA 1.40), at least 200 MAP2-positive neurons were counted per treatment (coverslip) and a minimum of 10 neurons per field of view. Neurons were counted as being positive for p62 aggregates if they contained one or more p62-immunopositive structures with a minimum size of 0.5 m in diameter. A total of three separate experiments were conducted. Quantification was reported as the mean Ϯ SEM for the percentage of neurons containing p62 aggregates.
Results

p62 and NBR1 are increased and colocalized in focal accumulations in neurons of Cln2
Ϫ/Ϫ mice We identified widespread focal immunolabeling for p62 and NBR1 in neurons throughout the cerebral cortex, hippocampus, thalamus, hypothalamus, the granule cell layer of the cerebellum, and Purkinje cells ( Figure 1A -D and data not shown). Similar focal accumulations were not found in WT controls. Notably, we observed p62 accumulation in cortical neurons in mice as young as 3 weeks of age (data not shown). p62 and NBR1 consistently exhibited perinuclear localization in the basilar region of cortical neurons in which the primary lysosomal storage pathology accumulates in CLN2 and other neuronal ceroid lipofuscinoses (NCLs; Mole et al., 2011) . By immunofluorescence and confocal microscopy, we found colocalization of p62 and NBR1 in cortical neurons and Purkinje cells (Fig. 1C,D) . Additional experiments showed p62 and NBR1 accumulation in CD68-positive microglial cells, but not GFAP-positive astrocytes (data not shown).
Western blot analysis identified significant increases in p62 in both soluble and insoluble protein fractions of Cln2 Ϫ/Ϫ cerebrum and cerebellum (Fig. 1E) , whereas NBR1 levels increased in insoluble protein fractions of cerebrum (Fig. 1F ) . These increases, specifically in insoluble protein levels, are suggestive of oligomerized protein aggregate accumulation commonly associated with many neurodegenerative proteinopathies (Douglas and Dillin, 2010; Lamark and Johansen, 2012) . Additionally, by qPCR, we found a small but significant increase in Sqstm1 (p62) mRNA expression in Cln2 Ϫ/Ϫ versus WT neocortical tissue (Fig.  1G) . We conclude that the colocalization of p62 and NBR1 is consistent with the redundant function of both proteins as macroautophagy adapters in priming cargo for uptake within autophagosomes ).
p62 is extra-lysosomal
To investigate whether p62 is a component of the primary lysosomal storage material and directly accumulating as a result of Ϫ/Ϫ cortical tissue exhibiting a similar focal localization as p62. C, Subcellular colocalization of p62 and NBR1 (arrows) in a Cln2 Ϫ/Ϫ cortical pyramidal neuron in vivo in a single optical plane by confocal microscopy. DAPI labeling (blue) was used to identify the nucleus. Scale bar, 10 m. D, Colocalization of p62 and NBR1 in a calbindin-positive Cln2 Ϫ/Ϫ Purkinje cell in vivo in a single optical plane. Scale bar, 10 m. E, Increased soluble and insoluble p62 protein levels from 13-week-old Cln2 Ϫ/Ϫ (Ϫ/Ϫ) mice compared with WT (ϩ/ϩ) littermates from both cerebral (CRB) and cerebellar (CRBL) tissue by Western blot. Each lane was loaded with material from an individual mouse. Quantification at right displays the mean Ϯ SEM for 4 biological replicates per genotype. Unpaired Student's t test (two-tailed, *p ϭ 0.0138, **p ϭ 0.0006, ***p Ͻ 0.0001, ****p ϭ 0.0031). F, NBR1 protein levels are also elevated in 13-week-old Cln2 Ϫ/Ϫ cerebral insoluble protein fractions compared with WT. Each lane was loaded with material from an individual mouse. Quantification at right displays mean Ϯ SEM for four biological replicates per genotype. Unpaired Student's t test (two-tailed, *p Ͻ 0.0001). G, qPCR analysis of relative Sqstm1 mRNA levels in 13-week-old WT and Cln2 Ϫ/Ϫ neocortical tissue identifying a significant (*) 1.134 (13.4%)-fold increase in Sqstm1 mRNA in Cln2 Ϫ/Ϫ compared with WT. RQ values are plotted with RQ minimum and RQ maximum values (95% confidence interval; 1.022-1.258 for Cln2 Ϫ/Ϫ and 0.871-1.148 for WT). We additionally used the pairwise fixed reallocation randomization test using REST (http://rest.gene-quantification.info/) (Livak and Schmittgen, 2001; Pfaffl et al., 2002) and determined p ϭ 0.006, further confirming the statistical significance of increased Sqstm1 mRNA in Cln2 Ϫ/Ϫ .
TPP1 deficiency, we used confocal microscopy and immunofluorescence labeling of tissue for p62, the lysosomal membrane marker LAMP2, and the lysosomal enzyme cathepsin D. We found no evidence that p62 accumulation occurs within LAMP2-or cathepsin D-positive lysosomes ( Fig. 2A) . Rather, p62 was primarily identified adjacent to lysosomes ( Fig. 2A ) and in some instances decorating the periphery of enlarged lysosomes (Fig. 2B) .
To evaluate the ultrastructural localization of p62, we used immunogold EM labeling in Cln2 Ϫ/Ϫ cortex. We confirmed that p62 immunogold-positive accumulation was not contained within lysosomes, double-membrane autophagosomes, or other membrane-bound vesicles in neurons (Fig. 2C,D) . Consistently, micrographs from Cln2 Ϫ/Ϫ mice at 13 weeks of age showed perinuclear p62-positive non-membrane-bound accumulation in large cytosolic structures. p62-positive labeling of nonmembrane bound material was often adjacent to membranebound lysosomal storage bodies, known as curvilinear profiles (CL profiles) (Fig. 2C) . Notably, p62 localized to cytosolic material that was curvilinear in appearance but lacked a delimiting membrane. This material was morphologically similar to contents within CL profiles but appeared less densely packed. Additionally, we observed evidence for p62-positive gold labeling of the periphery of CL profiles without a clearly demarcated membrane (Fig. 2D) . Together with our biochemical analyses, we conclude that p62-positive structures are insoluble cytosolic protein aggregates. The localization of p62 to extra-lysosomal curvilinear material and the periphery of CL profiles suggest that lysosomal storage bodies may succumb to LMP and that p62 responds to this event. The frequent appearance of the large p62-positive perinuclear aggregates may represent a stable and isolated structure at this stage of disease.
p62 colocalizes with ubiquitin; Cln2
Ϫ/Ϫ mice exhibit normal UPS function and only modest macroautophagy impairment p62-positive aggregates often contain ubiquitin in several neurodegenerative disease pathologies (Salminen et al., 2012) , and we identified by immunofluorescence and confocal microscopy that p62 strongly colocalizes with ubiquitin in Cln2 Ϫ/Ϫ cortical neurons in vivo (Fig. 3A) . Additionally, increased polyubiquitinated protein was found in insoluble protein fractions of cerebral tissue by Western blot (Fig. 3B) . Given this accumulation of ubiquitin and previous evidence of the ability of p62 to target monomeric proteins for degradation through the UPS (Wooten et al., 2006), we evaluated UPS proteolytic function in Cln2 Ϫ/Ϫ cortical tissue to determine whether UPS impairment might account for the presence of aggregates. Using a well-established assay for measuring the chymotryptic activity of the UPS (Kisselev and Goldberg, 2005; Berezniuk et al., 2010), we found no difference between WT and Cln2 Ϫ/Ϫ mice in both cerebral and cerebellar tissue (Fig. 3C ), indicating that the UPS catalytic capacity is intact and functional in Cln2 Ϫ/Ϫ and therefore not likely responsible for cytosolic aggregate accumulation.
We next analyzed macroautophagy function in Cln2 Ϫ/Ϫ mice, predicting that the primary lysosomal enzyme deficiency may lead to secondary compromise of macroautophagy and inefficient processing of macroautophagy substrates such as p62. Of particular interest was defining where along the macroautophagy pathway impairment might occur because p62 aggregates are extra-lysosomal and not contained within autophagosomes. In mature Cln2 Ϫ/Ϫ purified primary neurons (21 DIV), we found macroautophagy flux-defined as the processing of the autophagosomal membrane protein LC3-II through the macroautophagy-lysosomal pathway-to be equally efficient to that of WT neurons and thus corresponding to an early disease state in vivo (Fig. 4A) . Importantly, macroautophagy is efficient in these cultures even while SCMAS storage accumulation is prominent at 21 DIV (Fig. 4B) . Evaluation of the autophagosomal membrane protein LC3-II showed only modest increases in Cln2 Ϫ/Ϫ brain tissue compared with WT by end-stage disease (Fig. 4C) . We further analyzed the upstream autophagy regulatory proteins mTOR and Beclin 1 and found no changes in the levels of these proteins between Cln2 Ϫ/Ϫ and WT (Fig. 4 D, E) . This suggests that increased LC3-II levels (associated with an increased number of autophagosomes) in Cln2 Ϫ/Ϫ brains represent modest macroautophagy inefficiency rather than an upregulation in the pathway. It has been argued in other lysosomal diseases that lysosomal Boxed region in merged channel is magnified at bottom right. N, Neuron. Scale bar, 10 m. C, Western blots for LC3-II levels show a slight yet progressive increase from 6 to 13 weeks of age in cerebral and cerebellar tissue from Cln2 Ϫ/Ϫ mice compared with WT. Actin was used as a loading control. Each lane was loaded with material from an individual mouse. Quantified changes in LC3-II at right show statistically significant increases in Cln2 Ϫ/Ϫ cerebellum (CRBL) at 6 and 13 weeks (wk) and in cerebrum (CRB) at 13 weeks compared with WT controls. Quantification is represented as the mean Ϯ SEM for at least four biological replicates per genotype. Statistical significance was determined by unpaired Student's t test (two-tailed, **p Ͻ 0.001, ***p Ͻ 0.0001). D, No statistically significant changes in levels of p-mTOR (Ser2448) relative to total mTOR/Actin were found in cerebrum (CRB) or cerebellum (CRBL) of Cln2 Ϫ/Ϫ mice compared with WT. Each lane was loaded with material from an individual mouse. Quantification is represented as the mean Ϯ SEM for four biological replicates per genotype. E, Beclin 1 levels in cerebrum (CRB) and cerebellum (CRBL) are comparable between Cln2 Ϫ/Ϫ and WT. Each lane was loaded with material from an individual mouse. Quantification is represented as the mean Ϯ SEM for four biological replicates per genotype.
storage accumulation can impede autophagosome and lysosome fusion and impair the processing of autophagic material, thus contributing to increased levels of LC3-II and p62 (Settembre et al., 2008; Elrick et al., 2012) . Our findings that macroautophagy flux is efficient in mature Cln2 Ϫ/Ϫ primary neuronal cultures indicate that autophagosomes are processed properly even as neurons in these cultures exhibit SCMAS storage. Furthermore, the persistent presence of non-membrane-bound p62-positive protein aggregates in Cln2 Ϫ/Ϫ does not correlate with macroautophagy failure at the step of autophagosome fusion with lysosomes or autophagosome degradation. Rather, the abundance of p62-positive aggregates more appropriately represents a failure to target aggregates within autophagosomes for clearance. In reconciling the modest impairment in autophagosome maturation late in disease with the abundant and early presence of p62-positive protein aggregates in Cln2 Ϫ/Ϫ (as early as 3 weeks), we looked to further define whether aggregate formation is attributable to LMP and independent of macroautophagy.
p62 colocalizes with the primary lysosomal storage protein SCMAS in extra-lysosomal aggregates SCMAS has been identified as a substrate of TPP1, and therefore its lysosomal accumulation in CLN2 disease appears directly linked to the enzyme deficiency (Ezaki et al., 1999) . Given our immuno-EM data suggesting that p62 localizes to curvilinear material, we predicted that if LMP occurs in Cln2 Ϫ/Ϫ neurons, SCMAS should be a component of cytosolic aggregates and therefore colocalized with p62. In evaluating neocortical distribution of SCMAS and p62 in Cln2 Ϫ/Ϫ mice, we observed that SCMAS storage was apparent in neurons throughout all neocortical layers, whereas p62 was found primarily in layers II-IV and layer VI (Fig. 5A) . Neurons containing p62 aggregates like those of layer IV exhibited extra-lysosomal SCMAS that colocalized with p62 (Fig. 5B) . Importantly, we found that layer V neurons devoid of p62 accumulation contained SCMAS localized entirely within LAMP2-positive lysosomes (Fig. 5C ). We also observed evidence of discontinuous LAMP2-positive lysosomal membranes where SCMAS appeared released in the cytosol and colocalized with p62 (Fig. 6A ). Higher-resolution images confirmed significant colocalization between p62 and SCMAS in large cytosolic aggregates in Cln2 Ϫ/Ϫ cortical neurons (Fig. 6B) . We further considered the neocortical distribution of p62 with regards to the initial characterization of the Cln2 Ϫ/Ϫ mouse model by Sleat et al. (2004) . These studies reported that, although neurodegeneration is widespread, a selective pattern of neuronal loss emerges through disease course (Sleat et al., 2004) . For example, in Cln2 Ϫ/Ϫ neocortex, neurons of layer IV and layer VI in somatosensory and auditory cortex were found to be particularly vulnerable to degeneration (Sleat et al., 2004) . Our analyses show that p62 accumulation is prevalent in neurons of neocortical layers II-IV and layer VI in multiple regions, including posterior parietal cortex (Fig. 5A) , as well as somatosensory and auditory cortex (data not shown). To explore the potential relationship between p62 accumulation and neuron fate, we stained cortical tissue for the neurodegenerative marker Fluro-Jade C (FJC), in combination with immunofluorescence labeling for p62. We found that FJC-positive degenerating neurons were devoid of p62, whereas adjacent neurons containing p62-positive aggregates were FJC negative (data not shown). Although p62 accumulates in neuronal populations previously identified to be vulnerable to neurode- generation, our data suggest that the presence of p62 aggregates alone may not be directly cytotoxic.
SCMAS is a transmembrane proton transporter functioning as part of the mitochondrial ATP synthase complex and normally localized within the inner mitochondrial membrane. In CLN2 and several other lysosomal storage diseases, SCMAS is found to accumulate within lysosomes (Elleder et al., 1997) . The primary turnover of mitochondria occurs through macroautophagy, also known as mitophagy (Youle and Narendra, 2011) . In addition to autophagic delivery of mitochondria to lysosomes, recent evidence suggests that, during oxidative stress, mitochondriaderived vesicles (MDVs) can shuttle mitochondrial proteins and cargo to lysosomes independent of mitophagy (Soubannier et al., 2012) . In CLN2 disease, the delivery of mitochondria to lysosomes results in SCMAS storage as a result of lysosomal TPP1 deficiency. Notably, no other mitochondrial proteins have been identified to accumulate in CLN2 storage material (Palmer et al., 1992) . Given our findings of p62 colocalization with SCMAS, we evaluated whether extra-lysosomal p62-and SCMAS-positive cytosolic aggregates could represent mitochondria or mitochondrial components that have not yet reached lysosomes, thus indicative of mitophagy or MDV trafficking impairment. Despite a lack of ultrastructural evidence for p62 localizing with mitochondria by immuno-EM, and the fact that p62-positive aggregates are non-membrane bound (in contrast to MDVs), we evaluated p62 in relation to additional mitochondrial markers. By confocal microscopy, we found no colocalization between p62 and the outer mitochondrial protein Tom20, a common protein component of MDVs (Soubannier et al., 2012) (Fig. 6C) . Furthermore, we found no colocalization of p62 and an additional component of the mitochondrial ATP synthase complex, the subunit B of mitochondrial ATP synthase (data not shown). Together, our results strongly suggest that the accumulation of p62 and colocalization with extra-lysosomal SCMAS occurs after SCMAS has been released from lysosomes following LMP.
Induction of LMP in primary neuronal cultures stimulates p62 aggregate formation
To test the hypothesis that LMP stimulates p62-positive aggregate formation, we treated primary neuronal cultures with the lysosomotropic agent LeuLeuOMe, which has been well characterized to induce LMP (Thiele and Lipsky, 1990; Ivanova et al., 2008) . LeuLeuOMe is endocytosed and targeted to lysosomes in which it accumulates and is cleaved, producing polymerized products that permeabilize lysosomal membranes (Thiele and Lipsky, 1990; Ivanova et al., 2008) . Although p62-positive aggregates are prevalent throughout the CNS of Cln2 Ϫ/Ϫ mice, Cln2 Ϫ/Ϫ primary neuronal cultures exhibit little p62 accumulation. Importantly, treatment of WT and Cln2 Ϫ/Ϫ primary neuronal cultures with LeuLeuOMe to induce LMP resulted in a significant increase of p62-positve aggregates (Fig. 7 A, D) . Additionally by Western blot, LeuLeuOMe treatment of WT and Cln2 Ϫ/Ϫ cultures led to increases in soluble and insoluble levels of p62, as well as increases in insoluble NBR1 and ubiquitinated proteins (Fig. 7 B, C) . These changes in protein levels with LMP induction in WT and Cln2 Ϫ/Ϫ cultures correlate with analyses from Cln2 Ϫ/Ϫ brain tissue (Fig. 1) ; specifically, p62 increases in both soluble and insoluble protein fractions, and NBR1 and ubiquitin show significant increases in insoluble protein fractions. Most notably, p62 was found localized to the periphery of LAMP2-positive lysosomes in both WT and Cln2 Ϫ/Ϫ -treated neurons, often completely surrounding the organelle (Fig. 7E) , and thus mirroring our in vivo findings.
Additional evaluation of p62 after LeuLeuOMe treatment of Cln2 Ϫ/Ϫ cultures identified p62 surrounding LAMP2-positive vesicles containing SCMAS storage, whereas vehicle-treated cultures exhibited no p62 accumulation (Fig. 8 A, B) . Notably, LeuLeuOMe treatment also resulted in p62 localization to the periphery of extra-lysosomal cathepsin D (Fig. 8C) . This suggests that, in addition to SCMAS storage, LMP stimulation results in a p62 response to other lysosomal lumenal components that may be released in the cytosol. We next evaluated p62 turnover or flux through the lysosomal and UPS systems in Cln2 Ϫ/Ϫ cultures to determine whether increased levels of p62 after LeuLeuOMe treatment were specific for LMP induction or simply a blockage of p62 degradation (Fig. 8D) . We found that soluble p62 levels increased with LeuLeuOMe treatment only, but not in the presence of lysosomal proteolysis inhibition (NH 4 Cl plus leupeptin treatment) or UPS inhibition (lactacystin treatment). Lysosomal and UPS inhibition leads to increased insoluble p62 but has no effect on the soluble p62 protein pool. Importantly, the accumulation of soluble p62 with LeuLeuOMe treatment indicates that this pool of p62 is specifically increasing because of LMP induction and not because of decreased p62 degradation. Furthermore, the concomitant treatment of cultures with LeuLeuOMe along with lysosomal proteolysis inhibition or UPS inhibition led to additional increases in insoluble p62 levels, in- dicating that LeuLeuOMe treatment on its own is not blocking p62 degradation, and notably that LMP is causing an increase in total p62 protein. Thus, we conclude that increased levels of soluble and a large portion of insoluble p62 after LeuLeuOMe treatment represents a specific response to LMP induction. Together and relative to CLN2 disease, we conclude that LMP results in the release of lysosomal contents including SCMAS storage material in the cytosol of neurons. This in turn stimulates a response by the macroautophagy adapter proteins p62 and NBR1 that function to sequester this material as cytosolic protein aggregates.
Discussion
Here we show for the first time that LMP can stimulate protein aggregate formation in neurons and that this is the driving pathogenic event for aggregate formation in CLN2 disease. Because p62 is preferentially degraded by macroautophagy, its accumulation is commonly used as an indirect marker of macroautophagy dysfunction (Bjørkøy et al., 2005; Lamark and Johansen, 2012; . Notably, in several lysosomal disease studies, p62 accumulation and its potential role in disease pathogenesis has yet to be comprehensibly evaluated. Our findings show that LMP, independent of macroautophagy and UPS impairment, stimulates p62-positive cytosolic aggregate formation.
Evidence of modest inefficiency of macroautophagy (LC3-II increases) in the brain of Cln2 Ϫ/Ϫ mice late in disease is consistent with a failure in autophagosome maturation. However, by immuno-EM, p62 does not accumulate within autophagosomes or other membrane-bound structures, suggesting that the accumulation of p62 is not attributable to inefficient autophagosome maturation. The fact that p62-positive aggregates are non-membrane-bound implicates failure at the initiation step of macroautophagy, specifically in the proper targeting of cargo within autophagosomes. Notably, it has been found that the composition of protein aggregates can influence their preferential targeting for degradation (Wong et al., 2008) . Additionally, cargo recognition failure has been proposed in Huntington's disease, in which, despite evidence that macroautophagy flux is intact, autophagosomes fail to properly engulf mutant huntingtin protein and damaged mitochondria (Martinez-Vicente et al., 2010) . Regardless of the reason for the persistent presence of protein aggregates in Cln2 Ϫ/Ϫ brain, given the deficiency in TPP1 enzyme, proper targeting of these insoluble aggregates (which we have identified to contain SCMAS) to lysosomes would only serve to exacerbate lysosomal storage and to compound lysosomal dysfunction. Lack of evidence for changes in canonical macroautophagy signaling through mTOR and Beclin 1 indicate that there is no attempt to upregulate this system in response to aggregate accumulation. Therefore, it is probable that protein aggregates are isolated in neurons in Cln2 Ϫ/Ϫ , similar to the formation of aggresomes identified in other neurodegenerative diseases and model systems in which proteolysis is compromised (Kopito, 2000) .
LMP has been reported in the MPTP model of Parkinson's disease, in which loss of lysosomal membrane integrity is believed to result in a depletion of lysosomes (Dehay et al., 2010) . Given that autophagosomes must fuse with lysosomes for degradation, Dehay et al. (2010) concluded that LMP directly leads to the aberrant accumulation of autophagosomes associated with this model. Notably, this study did not evaluate aggregate formation or a potential link to LMP. Previous lysosomal disease studies have argued that lysosomal storage and compromised lysosomal function directly inhibit autophagosome fusion and processing, resulting in autophagosome accumulation . We propose that the modestly increased levels of autophagosomes in the brain of Cln2 Ϫ/Ϫ mice are potentially attributable to both storage accumulation and LMP hindering fusion events. Importantly, however, we conclude that p62-positive cytosolic aggregate formation is a direct result of LMP, whereas the persistent Ϫ/Ϫ primary neuronal cultures analyzed by Western blot demonstrating that LeuLeuOMe treatment increases total p62 protein levels independent of proteolytic blockage by lysosomal inhibition (NH 4 Cl plus leupeptin) or UPS inhibition (lactacystin). Actin was used as a loading control. Quantification of p62/Actin for soluble and insoluble protein fractions is represented as the mean Ϯ SEM for two separate experiments. p62 flux quantification represents the ratio of p62/Actin mean values for lysosomal or UPS proteolysis inhibition (NH4Cl and leupeptin, or lactacystin, respectively) to p62/Actin mean values for vehicle-treated cultures in the presence or absence of LeuLeuOMe. presence of these aggregates over time likely represents impaired macroautophagy initiation.
Our findings show that LMP is occurring in the CNS of Cln2 Ϫ/Ϫ mice in specific neuronal populations defined by the presence of p62. In addition to a distinct neocortical distribution, p62 aggregates are prevalent within Purkinje cells, which have also been reported to be susceptible to degeneration (Sleat et al., 2004) . Although the relationship between p62 and LMP and neuronal viability requires additional studies, we speculate that the sequestration of released lysosomal contents by p62 may represent a beneficial physiological response to this potentially deleterious event. Several studies have proposed a neuroprotective role for aggregates in other neurodegenerative disease states (Saudou et al., 1998; Cummings et al., 1999; Arrasate et al., 2004) . For example, in Huntington's disease, interference with p62 function results in reduced cell viability (Bjørkøy et al., 2005) . This study showed that p62 forms a shell around huntingtin protein aggregates ameliorating cytotoxicity. This p62-shell formation is strikingly similar to our results in Cln2 Ϫ/Ϫ in which p62 decorates the periphery of lysosomal storage bodies as well as extra-lysosomal SCMAS. Furthermore, our in vitro studies confirm that p62 plays a role in responding to LMP by surrounding storage-laden lysosomes and cytosolic cathepsin D in a shell-like formation. Our finding that p62 sequesters released lysosomal content following LMP is consistent with the known function of p62 (Lamark and Johansen, 2012) .
The response to LMP by p62 and other adapter molecules (of which we have identified NBR1 and ubiquitin) predictably involves a sequential series of steps. We speculate that the soluble versus insoluble protein fractions of p62 may provide insight regarding this process. Specifically, the initial response to lysosomal membrane destabilization might correspond with the soluble p62 protein pool in which p62 is found localized to the periphery of lysosomes. As the lysosomal membrane further deteriorates, p62 sequesters released lumenal components, including storage. Because of its ability to self-oligomerize via its PB1 domain (phox and bem 1) (Noda et al., 2003) , p62 promotes the stability of the sequestered material as insoluble aggregates present at end-stage disease in the Cln2 Ϫ/Ϫ brain. Interestingly, in the Cln3 ⌬ex7/8 mouse model of CLN3 disease, we have also identified the accumulation and localization of p62 to the periphery of storage-laden lysosomes in cortical neurons (data not shown). This pattern is strikingly similar to our data in Cln2 Ϫ/Ϫ brains (Fig. 2 B, D) . To date, the presence of p62 aggregates has been observed in several mouse models of the NCLs, including CLN1, CLN2, CLN3, CLN10 (M.C.M. and S.U.W., unpublished observation), and CLN6 (Thelen et al., 2012) . The accumulation of p62 in these genetically distinct diseases suggests a remarkable pathophysiological convergence that warrants closer evaluation. Given our current findings, we propose that defining the accumulation of p62 at the subcellular level and in relation to known pathology is critical for determining the significance of this protein in disease.
Few studies to date have explored LMP in the context of lysosomal or neurodegenerative disease pathogenesis. Susceptibility to LMP has been proposed in neurons of the Niemann-Pick type C1 mouse model (Amritraj et al., 2009) . Other instances in which LMP has been implicated include studies in lymphocytes from mucopolysaccharidosis type I mice and patient fibroblasts from Niemann-Pick type A and B disease (Kirkegaard et al., 2010; Pereira et al., 2010) . Although the mechanisms involved in LMP remain unclear, several inducers of this event have been identified, including the lysosomal accumulation of pathogenic proteins (Johansson et al., 2010) . For example, the accumulation of ␤-amyloid in lysosomes has been found to stimulate LMP possibly through its ability to oligomerize and promote detergent-like properties (Johansson et al., 2010) . Because SCMAS is a proton pore in its native state, it is feasible that LMP could occur by SCMAS insertion into lysosomal membranes. However, our findings suggest that the lysosomal accumulation of SCMAS on its own is not sufficient to stimulate LMP. As noted previously, neurons in culture exhibit significant SCMAS storage yet present no evidence for LMP. Additionally, layer V pyramidal neurons in Cln2 Ϫ/Ϫ mice contain significant SCMAS storage localized to LAMP2-positive lysosomes but lack evidence of LMP. Given that LMP has been reported in other genetically heterogeneous lysosomal diseases, the trigger for this event is likely stimulated through a yet to be identified common pathogenic mechanism that is downstream of the primary disease defect. Importantly, targeting LMP may be beneficial as a therapeutic strategy in lysosomal diseases. In Niemann-Pick type A and B disease, Kirkegaard et al. (2010) identified a critical role for Hsp70 in stabilizing lysosomal membranes of patient fibroblasts. This finding suggests that inducing Hsp70 expression can prevent LMP and promote cell viability, providing a clear rationale for testing drugs in Cln2 Ϫ/Ϫ mice that accomplish this aim (Kieran et al., 2004; Kalmar et al., 2008) .
Although this is the first identification of cytosolic protein aggregates in CLN2 disease, histochemical and ultrastructural studies in human CLN2 tissue have demonstrated that biochemically and morphologically distinct forms of storage-believed to share the same pathogenesis-occur concomitantly in disease (Elleder, 1978; Elleder and Tyynela, 1998) . Furthermore, a biochemical study analyzing storage isolated from Cln2 Ϫ/Ϫ mice identified material associated with both a lysosomal subcellular fraction and an insoluble protein fraction (Xu et al., 2010) . Notably, p62 was found to be the predominant component associated with the insoluble fractions. Our studies provide mechanistic insight for these previous observations and a more complete picture of CLN2 disease pathogenesis. Given our current findings, the accumulation of p62 and its colocalization with storage offers a novel marker to evaluate drug treatment studies aimed at preventing LMP. In addition to CLN2 disease, future efforts to define whether LMP occurs in other disorders characterized by p62 aggregate formation will be needed. Such studies will not only expand our understanding of the neurobiology of these disorders but will also provide clues for elucidating broader neurodegenerative processes and help identify whether LMP is a common therapeutic target in lysosomal disease.
